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Control System of the Beam-Waveguide Antenna
Subreflector: Current Performance and
Proposed Upgrades

W. Gawronski! and A. Sehic!

The article presents the development of the subreflector model of a beam-
waveguide antenna, starting from the mechanical hardware, proceeding into the
rate-loop system, and finally into the position-loop system. The rate-loop model
and the position-loop model simulation results were verified with the field data.
The analysis showed that the subreflector displays a nonlinear behavior when ex-
cited by larger step offsets (2 mm or larger) and that its bandwidth is identical to
the bandwidth of the 70-m antenna subreflector. In order to improve the subreflec-
tor dynamics, we propose to increase motor power (e.g., replace a single motor with
three motors) or to modify the controller algorithm by adding a feedforward loop
and a command preprocessor.

l. Introduction

The purpose of this article is to analyze open- and closed-loop responses of the beam-waveguide (BWG)
antenna subreflector servo, to compare them with the field data, to evaluate the servo performance, and
to propose design changes to improve the subreflector performance.

In order to accomplish the above goals, we developed the mathematical model of the mechanical
part (the subreflector dish, reducers, shafts, and motor), and the obtained differential equations were
used to develop the Simulink model of the rate-loop system. The accuracy of the rate-loop system was
verified by comparing the simulation results with the data obtained from the rate-loop tests. Eventually
we developed the position-loop model of the subreflector, simulated the step responses and rate-offset
responses, and compared the simulation results with the field data.

The simulation results were close to the field data, and they showed that the position-loop bandwidth
is low and that the servo displays nonlinear behavior in responses to larger steps (2.5 mm or more). The
reason for the low bandwidth and nonlinear behavior is the low acceleration limit. The limit depends on
the motor power, and to increase the limit one needs to increase motor power.

We propose two modifications of the subreflector to improve its performance. The first modification
requires increased gains of the proportional and integral (PI) controller and a more powerful motor.
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The second modification requires a controller upgrade, namely, the addition of the feedforward loop and
command preprocessor to the controller. This modification requires software changes only.

Il. Open-Loop Model

The subreflector model is shown in Fig. 1. It consists of a (1) motor, (2) worm reducer with drive
shaft, (3) ball-screw actuator, and (4) subreflector dish. The equations are derived for each subsystem and
consequently combined into the subreflector mechanical model. The final products are the state-space
equations of the subreflector model, as presented in Fig. 1. The parameters of the subreflector and its
components are given in the Appendix.
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Fig. 1. The subreflector model.

A. Motor Equations

The motor position, 6,,, is controlled by the armature voltage, wu,:

dig . :
Ug = Laé + Rui + ko (1)

where R, is motor resistance, L, is motor inductance, and kj is the armature constant. The motor torque,
T.n, is proportional to the motor current, i,:

Ty = kiig (2)

where k; is the motor-torque constant. The motor torque, T,, is in equilibrium with the remaining torque
acting on the rotor; therefore,

and



Imp = JIm + Jp (4)

is a total inertia of the motor, J,,, and the brake, Jj.

B. Worm Reducer and Drive Shaft Equations
In Eq. (3), T, is the torque at the output of the gearbox, which can be expressed with the torsional

deformation of the gearbox:

— ng

Ty N,

(0g — 0u) (5)

and T} is the torque caused by the drive torsional elastic deformation. Since the reducer has three drive
shafts, the total torque is the triple of the individual shaft torque, i.e., the torque is multiplied by N = 3;
0., is the angle of rotation of the motor shaft; d,, is motor viscous damping; k4 is the stiffness of the
universal joint, drive shaft, and coupling; NN, is the worm-reducer gear ratio; 6, is the angle of rotation
of the worm-reducer output shaft,

(6)

and 6, is the angle of rotation of the ball-screw actuator.

C. Ball-Screw Actuator Equations

The angle of rotation of the ball-screw actuator, 6,,, and the linear displacement of the actuator, ys,
are related through the actuator ratio N:

ew = INa¥s (7)

where y is the subreflector displacement. From Fig. 1, the torques at the ball-screw actuator can be
written as

Juwbu + kg0 —0y) + Ty =0 (8)

where J,, is the inertia of the coupling and the ball-screw actuator, and Ty, is the actuator torque.

D. Subreflector Dish Equations

The actuator torque, T, is obtained from the subreflector force, Fj, as follows:

Ty = (9)

Above, the force is divided by N = 3 because the subreflector is moved by three actuators. The force,
F, is the subreflector inertia force,

F, = Msls (10)

where m, is the mass of the subreflector.



E. Equations of the Entire Subreflector

The above-derived equations allow for writing the dynamics of the entire subreflector. Namely, by
introducing Egs. (6), (7), and (2) into Eq. (3), one obtains

. . Nk kqyN N,
k o = Jm em dmem _99m - B
£ b0m + + N2 N,

Ys (11)

and by introducing Egs. (9), (10), (7), and (6) into Eq. (8), one obtains

k m
wNa“s k Na s — _gam : "s -
JuwNaljs + kgNay N, +NNay 0
which can be re-written as follows:
koN N,
(JuwN N2 +my)ijs + kyN N2y, — gN O, =0 (12)
g

Next, we write the above equations in the state—space form, i.e., as a set of the first-order differential
equations:

&y = Asxs + Bsug
(13)
Yo = Csxs

They are obtained as follows: We define new variables, wy,, = 6,,, (motor velocity) and v, = 9, (subreflector
velocity), and re-write Egs. (11), (12), and (1) as a set of first-order differential equations:

O = Wi

P Jimb (—%% — dpwm + kg%gN“ Ys + ktz’a)

Ys = vs (14)
Us = JwNNlC% +m (kgjf\\fnga om = ngNzys)

% = Li (—kpwm — Raia + Uq)

Next we define the state variable, xg, in the state equation, Eq. (13),

fsT:{9m Wm  Ys Vs ia} (15)



define the input in Eq. (13) as the voltage, u,, and the output in Eq. (13) that consists of four variables,

y? = {Wm Ys Vs Z.a } (16)

With the above definitions, one obtains the state—space equations, Eq. (13), where the matrices A, Bs,
and C, are as follows:

i 0 1 0 0 0 7
kg N d,, kgN N, .
meN92 me meNg me
A, = 0 0 0 1 0 (17)
kN N, kg N N2 .
N,(JuN N2 +m,) JoN N2 +m,
Ky R,
0 . 0 0 —=—2
L L, L, -
0
0
0
1
L,
and
01 0 0 O
00100
Cs = 00010 (19)
0 0 0 0 1

The above state—space representation (Ag, B, Cs) represents the open-loop subreflector model.

lll. Rate-Loop Model

The Simulink model of the rate-loop is shown in Fig. 2. The rate-loop model is obtained from the
open-loop model by closing the tachometer feedback loop, where the feedback voltage, w4y, is proportional
to the tachometer speed,

Uqf = Etach krachawm (20)

The gain kiacn relates the tachometer speed with its voltage. The speed of 1 rad/s produces voltage of
0.3 V; therefore, kgaen = 0.30 V/rad/s. The gain kiacno represents the scaling of the tachometer voltage
range from +34.29 V to the subreflector voltage range of +10 V; thus, kiache = 10/34.29 = 0.2916 V/V.
The rate loop is closed with the rate-loop proportional gain, kyate. This gain is kyate = 1.5.
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Fig. 2. The rate-loop model.

The response of the rate-loop model to 1-V step input was simulated (in the Simulink model, Fig. 2,
it is input 1, called “rate in V”). The step is measured at the motor rate (in the Simulink model, Fig. 2,
it is output 1, called “motor rate”). The response is shown in Fig. 3. From this figure, the settling time
is 0.14 s, and it is consistent with the rate-loop tests.?

The rate-loop transfer function (from rate-voltage input to motor-rate output) is shown in Fig. 4. The

plot shows that the rate-loop bandwidth is 4.5 Hz.

IV. Position-Loop Model and Performance

The block diagram of the position-loop control of the subreflector is shown in Fig. 5. It consists of

(1) The rate-loop system, as shown in Fig. 2

(2) The PI controller

(3) Rate and acceleration (ACC) limiters

(4) A gain that scales the rate command into the voltage command

The PI controller gains are as follows: the proportional gain is k, = 2.0, and the integral gain is
k; = 0.5. The scaling factor from the rate command to the voltage command is k., = 7874 V s/m. The
rate limit is vymax = 1.27x 1073 m/s (or 3 in./min), and the acceleration limit is amax = 7.0556x 10~ m /s?
(or 100 in./min?).
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Fig. 3. The motor-rate response to 1-V step input.

2W. Gawronski, “Open-Loop Tests of the BWG Antenna Subreflector,” JPL Memorandum (internal document), Jet
Propulsion Laboratory, Pasadena, California, December 20, 2002.
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Fig. 4. The rate-loop transfer function: from the rate-
voltage input to the motor-rate output.

Pl MOTOR RATE
CONTROLLER MOTOR RATE
= SR POSITION
e rate —p», RATE in V
+ ! SR VELOCITY SR
| onc POSITION
RATE ACC MOTOR CURRENT
STEP LIMIT LIMIT
RATE LOOP SR VELOCITY
MOTOR
CURRENT

Fig. 5. The position-loop model.

In order to evaluate the servo performance, the transfer function of the position-loop model (from the
subreflector position command to the subreflector actual position) was obtained and shown in Fig. 6. The
plot shows that the position-loop bandwidth is 0.35 Hz. The bandwidth is comparatively low, and it can
be increased by changing the controller gains (although it might also require the increase of the motor
power, as we will discuss later).

Next, the subreflector simulations were conducted to compare the simulation results with the available
field data. The position-loop tests were conducted by Bill Almassy in 1994, as has been reported.? They
include measurements of the subreflector responses to position and rate offsets in the y- and z-directions.
Here we compare the position offsets of 0.5 mm and 2.5 mm, and the rate offsets of 0.025 mm/s in the
z-direction. The plots of the responses of the subreflector to the 0.5-mm offset are shown in Fig. 7(a)
(simulated results) and Fig. 7(b) (field data), and plots of the responses of the subreflector to the 2.5-mm
offset are shown in Fig. 8(a) (simulated results) and Fig. 8(b) (field data). The simulation and field data
are not exactly the same due to some uncertainty in the subreflector data model; however, they represent
a satisfactory accuracy at this stage of analysis. Note that the 0.5-mm step response and 2.5-mm step
response are not similar (although they should be if the system were linear). The excessive overshoot
and undershoot are due to the fact that the system hit the rate and acceleration limits for the step of

3W. Gawronski, “Closed-Loop Tests of the DSS24 Antenna Subreflector,” JPL Interoffice Memorandum (internal docu-
ment), Jet Propulsion Laboratory, Pasadena, California, December 20, 2002.
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Fig. 8. Responses to 2.5-mm step: (a) simulation results
and (b) field data.

2.5 mm. Indeed, the simulation results in Figs. 9(a) and 9(b) show the rate and acceleration saturation
of the control signal (just after the rate and acceleration limiters).

This nonlinear behavior is due to low acceleration limits applied to the subreflector servo. These limits
are the result of the low motor power. The acceleration limits also can be blamed for the low bandwidth

of the position-loop system (which is lower than the 70-m antenna subreflector).
Next, in Fig. 10 we compared the servo errors created by the rate offset of 0.025 mm/s in the z-axis.

Figure 10(a) shows the simulated results, while Fig. 10(b) shows the field data. The simulation shows

smaller servo error.

Finally, we simulate typical subreflector movements that change with the elevation position of the
antenna. Consider y-axis movement. The y-position for the DSS-26 antenna depends on the antenna

elevation position as follows:*

y = —5.19(sin(45°) — sin(EL)) — 52.20( cos(45°) — cos(EL)) (21)

4 Data from D. Rochblatt, Jet Propulsion Laboratory, Pasadena, California, March 3, 2003.
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where FL is the antenna elevation position in deg and y is in mm. Assume now that the antenna is
at the 44-deg elevation position and will move to the 13-deg position at its maximal rate of 0.8 deg/s,
where it starts tracking at the rate of 0.005 deg/s. The plot of antenna movement is shown in Fig. 11
(dashed line). The subreflector will move according to Eq. (21), and its movement also is shown in Fig. 11
(solid line). The subreflector tracking error (a difference between command and the actual subreflector
position) is shown in Fig. 12. The figure shows that, after transient motion, the subreflector steady-state
error is 0.02 mm for the fast movement and 0 mm for “normal” tracking. This example shows that the
subreflector servo satisfies the tracking requirement.

V. Proposed Improvements of the Servo Performance

There is observed nonlinear behavior of the position-loop servo. It still allows the servo to reach the
commanded position, but with excessive overshoots. We investigated two ways to improve the servo
performance: by hardware modifications and by software modifications.

The hardware modifications include the increase of the PI controller gains. The current gains are

Proportional gain: k, = 2

Integral gain: k; = 0.5
And we propose the following gains:

Proportional gain: k, = 4

Integral gain: k; = 3

This modification will decrease the settling time from 10 s to 4 s and increase the bandwidth from 0.35 Hz
to 0.9 Hz. This can be seen by comparing the step responses of the current system [Fig. 7(a)] and the
improved system (Fig. 13), and by comparing the magnitudes of the transfer function of the current
system (Fig. 6) and the improved system (Fig. 14). The improvement, however, will require raising the
rate and acceleration limits by a factor of 5 (at least) and, consequently, applying a more powerful motor,
or three motors instead of one.
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The second modification would require changes of the control law, including the addition of a feedfor-
ward loop and the command processor. These modifications would require software changes only and are
shown in Fig. 15. The command preprocessor (CPP) is described in [2] and [3], and its parameters for
this subreflector are as follows: § = 200, k, =0, and k, = 1.

The step responses of the modified system are shown in Fig. 16(a) for the small step (0.5 mm) and in

Fig. 16(b) for the larger step (2.5 mm). They do not have overshoot, and the settling time is less than
4s.
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The tracking properties of the modified servo were tested with the 0.025-mm/s rate offset. The servo
error for this tracking is shown in Fig. 17. The steady-state error is zero, and the maximal error is
0.0023 mm, while for the current servo it is 0.0117 mm (simulated) and 0.0234 mm (measured), showing
that the modified servo has the smallest tracking error.
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VI. Conclusions

The subreflector servo model was developed, and the simulations were conducted. Their results were
compared with field data. The simulation results are close enough to reflect the important properties of
the subreflector servo.

Comparing the BWG subreflector with the DSS-14 subreflector (cf., [1]), one can see that the BWG
servo is slower and has lower bandwidth. We propose two modifications of the subreflector to improve
the performance. The first modification requires a more powerful motor and increased gains of the
PI controller. The second modification requires the addition of the feedforward loop and command
preprocessor to the controller. This modification requires a software change only.
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Appendix

Subreflector Data

o = 0.59Q Motor resistance
Ly, = 0.00552 H Motor inductance
Jm = 0.00452 kg m? Motor inertia (0.04 1bf in. s?)
Jy = 0.004 kg m? Brake inertia
Jw = 0.00336 kg m? Inertia of coupling and ball-screw actuator, Eq. (8)
dm = 4.52 x 107* N m s/rad Motor damping, Eq. (3) (0.004 1bf in./rad/s)
N=3 Number of actuators
Ny =175 Worm-reducer gear ratio
Na = 1.2531 x 10* rad/m Actuator ratio (50.66 rev/in.)
ms = 492 kg Subreflector mass (1082 1b)
kg = 10,092 N m/rad Stiffness of the drive shaft
ki = 0.3954 Nm/A Motor-torque constant, Eq. (2) (3.50 1b in./A)
kp =0.40 x 0 V/rad/s Armature constant, Eq. (1)
ktach = 0.30 V/rad/s Tachometer gain
Ktachz = 0.2916 V/V Tachometer voltage scaling factor
krate = 1.5 Rate-loop gain
kry = 7874 V s/m Rate-to-volts gain (10 V = 3 in./min)
kp =2.0 Proportional gain
k; =0.5 Integral gain
Vmax = 1.27 x 1073 m/s Rate limit (3 in./min)
@max = 7.0556 x 107* m/s? Acceleration limit (100 in./min?)
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